
'" COPY- (I

N

GL-TR-89-0227

Study of Potential Ionospheric Effects
on Space-Based Radars

E.J. Fremouw
J.A. Secan

Northwest Research Associates
P.O. Box 3027
Bellevue, WA 98009

28 February 1988

Scientific Report No. 20

DTIC
Approved for public release; distribution unlimited ELECTE

MAR20 199

Geophysics Laboratory
Air Force Systems Command
United States Air Force
Hanscom Air Force Base, MA 01731.5000



"This technical report has been reviewed and is approv d tot publiction*

GiREGOR¥ Y S SOP ILIA -- M
Contract erBranch Chief

FOR THE COMMANDER

ROBERT A/.FXRIVANEK
Divisio "irector

This report has been reviewed by the ESD Public Affairs Office (PA) and is
releasable to the National Technical Information Service (NTIS).

Qualified requestors may obtain additional copies from Defense Technical
Information Center. All others should apply to the National Technical
Information Service.

If your address has changed, or if you wish to be removed from the mailing
list, or if the addressee is no longer employed by your organization, pleas
notify GL/IMA Hanscom AFB, MA 01731. This will assist us in maintaining a
current mailing list.

Do not return copies of this report unless contractual obligations or notic4
on a specific document requires that it be returned.



591CURITY CLASSIFICATION Of THIS PAGO

REPORT DOCUMENTATION PAGE
Is. REPORT SECURITY CLASSIFICATION lb. RESTRICTIVE MARKINGS

Unclassified
F&. SECURITY CLASSIFICATION AUTHORITY 3, DISTRIBUTION IAVAILABILITY OF REPORT

Approved for public release;
2b. DECLASSIFICATION ) DOWNGRADING SCHEDULE distribution unlimited

4. PERFORMING ORGANIZATION REPORT NUMBER(S) S. MONITORING ORGANIZATION REPORT NUMBER(S)

NWRA-88-CR-RO24 GL-TR-89-0227

6a. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL 78. NAME OF MONITORING ORGANIZATION
(If applicable)

Northwest Research Associate CR Division Geophysics Laboratory
6c, ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, and ZIP Code)

P.O. Box 3027 Hanscom AFB, MA 01731-5000
Bellevue, WA 98009

8a. NAME OF FUNDING/SPONSORING Sb. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)

Geophysics Laboratory LIS F19628-87-C-0003
Sc. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS

PROGRAM PROJECT TASK WORK UNIT

Hanscom AFB, MA 01731-5000 ELEMENT NO. NO. NO. ACCESSION NO.
62101F 4643 10 AC

11. TITLE (Include Security Classiflcation)

Study of Potential Ionospheric Effects on Space-Based Radars

12. PERSONAL AUTHOR(S)
E.J. Fremouw and J.A. Secan

13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Year, Month, Day) I15. PAGE COUNT
Sci #20 1 FROM 871717 T08812/28 88/2/28 18

16. SUPPLEMENTARY NOTATION

17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and Identify by block number)
FIELD GROUP SUB-GROUP - Dispersive phase, Ionosphere, Radar clutter, Radlowave

/ V scintillation, Sjpace-based radar, Synthetic-ap~erturp
/ rdar. TEC 1)P Phi f - " y 71AI-o'/ e/ rayj

19. ABSTRACT (C tinuo on reverse if necessary and identify by blocs number) C A )

Zle Air Force and the Navy have considered development of space-based radars for
purposes of defense surveillance. System configurations considered include sufficiently low
frequencies and grazing angles and sufficiently large apertures (synthetic or otherwise) t )
require consideration of the effects of the ionosphere on the radar propagation patl
Toward this end, the Air Force Geophysics Laboratory hosted a Workshop in which-
engineering organizations responsible for system design were brought together with
research organizations active in identifying and characterizing ionospheric effects to assess
the need for and state of relevant knowledge. This report summarizes an assessment of the
suitability and limitations of information presented at the Workshop and available from
related studiesi

20. DISTRIBUTION/ AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
OUNCLASSIFIEDAJNLIMITEO 0 SAME AS RPT. ODTC USERS Unclassified

22a. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (Include Area Code) 22c. "F' "YMBOL
Gregory Bishop I OM I

DO FORM 1473, 84 MAR 83 APR edition may be used until exhausted. SECURITY CLASSIFICATION F .HIS PAGEjAll other editions are obsolete.



STUDY OF POTENTIAL IONOSPHERIC EFFECTS ON SPACE-BASED RADARS

I. INTRODUCTION

Task Requirement Notice (TRN) 15 under the subject contract outlined three tasks to tx.

performed. The first (a) was to "study application and limitations of existing data sets, models, and tthxmy

to the derivation of parameters for and the assessment of impacts on space radar designs.' Within ttvs

task were three subtasks: (1) examine application and limitations of existing scintillation models. (2) study

potential application of existing data sets to generation and improvement of such models. and (3) study

the issue of translating existing models or data to low grazing angles.

The second major task (b) was to "participate in AFGL research Workshop to identify ionospheric

impacts on space-based radars applied to cruise missile surveillance." It had the following two subtasks

(1) summarize initial results of task (a) at the Workshop, and (2) apply specialized expertise to identity and

clarify ionospheric impacts and shortfalls at the Workshop. The final task (c) was to "review and evaluate

presentations and reports from Workshop to identify specific shortfalls in models or analysis of existing

data or needs for specific new data sets," and to "assess approaches to mitigate shortfalls.'

Deliverables under the TRN are an Interim Technical Report on work carried out under Task (a)

prior to the Workshop and orally summarized there, and a Final Technical Report on all tasks. including

results from and evaluation of the Workshop. The Interim Technical Report, NWRA-CR-87-R014. was

submitted on 30 September 1987. This document is the Final Technical Report.



II. APPLICATION AND LIMITATIONS OF MODELS, THEORY, AND DATA

A. Overview

Three effects of concern were Identified at the Workshop. The first actually is a family of effects:
group delay, dispersion, and Faraday rotation. We group them as one because they all depend upon the
Integral of electron density along the ray path through the Ionosphere, that Integral being called Total
Electron Content, or TEC. This family of effects Is controlled by TEC on the very largest horizontal scales
(global and meso-scales). On these scales, TEC has been described by Klobuchar (1987). At the
Workshop, the Klobuchar model was applied by Brown (1988) to assessment of Faraday rotation on
Space-Based Radar (SBR) performance. Faraday rotation must be considered at L Band, and linear
polarization should be avoided at lower frequencies.

The second effect of concern is clutter that can result from backscattering by plasma-density
irregularities on the finest scales (comparable to the SBR wavelength, typically meters or smaller). At the
Workshop, Tsunoda pointed out that E-region clutter (e.g., radar aurora) is likely to enter through SBR
sidelobes and occasionally through the main lobe. Such backscatter occurs frequently at high latitudes
and occasionally (under conditions of geomagnetic disturbance) at middle latitudes. At equatorial
latitudes, clutter is quite likely to enter through either the main lobe or sidelotwes due to backscafter in the
E-layer.

Less well-known from ground observations, but a potential threat to SBR performance, is clutter
due to backscatter from fine-scale irregularities in the F layer. Unlike their E-layer counterparts, which are
confined between about 105 and 120 km altitude, F-layer irregularities probably are very extended in
altitude. If so, they would represent a more extensive threat that the better-known E-layer structures.
The strength, spatial spectrum (which dictates the backscatter frequency dependence), and
degree of magnetic-field alignment of such F-layer structures and the doppler spectrum of the
backscatter they produce should be ascertained.

The third effect again really is a family of effects, which goes collectively under the name
"scintillation." The term refers to spatial and temporal fluctuations in any signal parameter -- intensity,
phase, angle-of-arrival, and polarization -- caused by narrow-angle forward scatter in intermediate-scale
(tens of meters to tens of kin) structures. Scintillation Is the most likely threat to SBR performance,
especially at low frequencies and/or low grazlng angles orT the Ionosphere (or on elongation axes
of the scattering structures). We devote the remainder of this report to assessment of scintillation
models, theory, and data.

B. Status of Scintillation Research Relevant to SBR's

There are two practical applications of scintillation models. The first is to design systems that are
automatically of adaptively robust to its effects. The second is to schedule operations of less robust
systems for times and/or observing geometries immune from those' effects, or at least to recognize the
effects so as to work around them. The former application requires primarily a knowledge of the signal
statistics of scintillation, which are well-known (Fremouw et al, 1980)*. More particularly, it is aided by
estimates of channel parameters that are less well, known, and highly varable: WittWer (1980, 1,982)' has
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provided a description of the most relevant parameters, which should be of considerable use to systems

designers.

The second application has been addressed in three ways. The first is exemplified by the work of

Aarons et al (1976). In this approach, long series of observations of a particular signal parameter are

summarized by empirical equations relating the observations to some variable of interest, such as time of

day. for a particular observing geometry at a particular location.

A more fundamental approach (Basu et al, 1981) involves direct measurement of the spatial

spectrum of forward-scattering irregularities in situ by means of satellite plasma probes and then

application of propagation theory to calculate various channel parameters. This approach has the gC'3'

advantage of permitting use of truly global data bases. It suffers, however, from lack of information on
some important irregularity parameters. Missing are parameters that describe the three-dimensional

anisotropy of the irregularities, which dictates the look-angle dependence of scattering. Also missing is

the thickness of the irregular layer, on which the aggregate scattering strength depends.

The third approach is something of a hybrid between the first two. As does the first method, it

employs scintillation measurements instead of in-situ measurements, thereby providing height-integrated

measures of irregularity strength and the opportunity for description of geometry dependence. It shares

with the second approach direct use of propagation theory for the purpose of separating geometrical

from geophysical behaviors. Thus, it should permit reliable calculation of, say, the elevation angle and

(geomagnetic) azimuth dependence of scintillation indices from a given station as well as the

(geomagnetic) latitude dependence of scintilfation experienced at different stations.

An early model developed by means of the third approach, by Fremouw and Rino (1978), -was

committed to the computer program IONSCNT. That program provided outputs of several channel

parameters. Based on the two-component signal-statistical model of Fremouw et al (1976), calculation of

some of those outputs was quite time-consuming.

Accordingly, IONSCNT's successor, WBMOD (Fremouw and Lansinger, 1981; Secan and

Fremouw, 1983; Fremouw and Robins, 1985; Robins, Secan, and Fremouw, 1986) has been developed

without provision for output of some channel parameters. In particular, the complex signal's space-and-

frequency and time-and-frequency mutual coherence functions are not calculated. These two

functions are closely related, by means of an effective scan velocity, and the Fourier transform of the

latter is well-known by and useful to radar designers as the signal ambiguity function. Measures of its

width in the time (and/or space) and frequency (and/or angle) domains should (and probably
shortly will) be added to WBMOD.

WBMOD is based on published scintillation results such as those summarized by Aarons (1982) For"
and, more particularly, on equatorial, mid-latitude. and auroral-zone data from the DNA Wideband (hence,

the program name) Satellite (Fremouw et al, 1978). It describes the known dependences of the relevant -3

irregularity parameters on geomagnetic latitude, time of day. season, epoch of the solar cycle, and the d

state of solar-geophysical disturbance. Ion

Figure 1 is an example of an output from and a check on WBMOD. The check is provided by

observations from Basu et a/ (1982). The two dashed curves are median diurnal variations observed in on/

spring (upper) and fall (lower). The model, based on observations at different frequencies at different itTy Codes
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Fig. 1. Independent check on WBMOD output (solid curve) of 244 MHz rms phase to be expected at
Goose Bay, Labrador. Comparison curves (dashed) are median values reported for spring
(upper) and fall (lower) by Basu et al (1982).
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locations and for different observing geometries, reproduces the general level and diurnal variation in

measured rms phase fluctuation quite well. What it does not reproduce is the seasonal variation, which is
quite clear in the Atlantic (Labrador) sector and essentially nonexistent in the Pacific (Alaska) sector.

Figure 1 is representative of the status of modeling of known scintillation behaviors. That is, the

general level and variations are sufficiently well documented to have been committed to a reasonably
reliable (and widely used) computer code. but the model is known to be incomplete. In the example here,

a combined seasonal/longitudinal dependence of scintillation is known to exist at high latitudes,

and a geophysical basis for It has been postulated (Basu, 1975), but it has not been fully

documented or modeled. This and other high-latitude deficiencies soon will be remedied in WBMOD by

means of data from the DNA HiLat (HiLat Science Team, 1985) and Polar BEAR (Fremouw. 1986)

Satellites collected in Norway CSromso), Greenland (Sondre Stromfjord), and Canada (Churchill), as well

as brief series of measurements in Alaska (Poker Flat and Barrow).

Another known deficiency Is In the seasonal/longitudinal variation at equatorial latitudes.
WBMOD does include a description thereof, based on a published hypothesis (Tsunoda, 1985) and
general agreement of worldwide data therewith. Wideband data from the Marshall Islands (Kwajalein) and
Peru (Ancon), however, are biased somewhat away from precise agreement, toward the local summer

hemisphere, suggesting an additional controlling factor possibly related to thermospheric winds.

There remain other uncertainties in scintillation behaviors and their underlying geophysical

causes. First and foremost Is the need for an accurate assessment of the solar-cycle dependence
of scintillation at equatorial, auroral, and, especially, polar-cap latitudes. This deficiency is being

addressed at high latitudes by means of on-going observations of HiLat and P.BEAR, as well as of the
Navy Navigation (Transit) Satellites (Kersely, 1987) and those (Rino et al, 1981) in the Global Positioning

System (GPS). Success depends upon continued health of the signal sources and continued
commitment by funding sources. It does not appear that the deficiency Is being addressed at

equatorial latitudes.

On a more detailed level, questions remain about the three-dimensional spectrum of high-latitude

irregularities, both about the spectral shape itself and about its anisotropy. The shape, which dictates

both the spatial and temporal spectrum of signal fluctuations encountered, appears often to be more

complicated that the single-regime power law contained in WBMCD. The anisotropy determines the look-

angle dependence of scintillation, apart from a general increase in severity as elevation angle decreases.

A representative example of a VHF phase spectrum from Wideband appears in Figure 2. Routine

Wideband spectral processing did not include time-domain windowing. When a subset of 214 passes
over Poker Flat was more carefully analyzed (Fremouw et al, 1985) with windowing to suppress spectral

leakage, 23% of them showed a downward spectral break at a fluctuation frequency of several Hz.
Presumably, this break is the phase signature of a similar break seen in situ at spatial wavelengths of

several hundred meters to a km (Basu et at. 1984). To accommodate it. the propagation theory

employed In WBMOD needs to be modified to permit a more general spectral form. One outcome

of the Workshop is that such an effort is underway.

The low-frequency, upward break in the spectrum shown in Figure 2 was observed in 77% of the

more carefully analyzed data from Poker lat, oul Jt was not generally accepted as a meaningful feature

because it included only the first few bins in the spectrum of Wideband detrended data. Subsequently,
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Fig. 2. Example of a fully developed, three-regime power-law phase spectrum, observed at VHF (138
MHz) by means of Wideband from Poker Flat just after local midnight on 29 November 1976.



Livingston (1987) reprocessed some of the raw Wideband data from Poker with a longer detrend cutoff
(30 sec instead of 10 sec), finding 62% of the resulting spectra to show the upbreak. Moreover, routine
processing of HILat data employs a 30-sec detrender, and it also reveals the upbreak. An example is
shown in Figure 3. Simultaneous incoherent-scatter data have prompted Livingston to suggest that the
enriched low-frequency portion of the spectrum arises from a contribution by large-scale arc structures In
the E layer.

Livingston's suggestion provides an Interpretation for another behavior observed in Wideband. It
Is Illustrated In Figure 4, which shows the magnetic-latitude dependence of the phase spectral index, p,
routinely observed (best log-linear fit to a presumed single-regime power-law spectrum) from Poker Flat
at night, excluding the quietest magnetic conditions. Increased steepness (larger p) occurred at auroral
latitudes, a behavior consistent with a contribution by E-layer arcs. Figure 4 does not complete the story,
however, which becomes more complicated when the same data are displayed in two dimensions.

Figure 5 contains a contour plot of p values from essentially the same data population on a grid of
angles between the line of sight and (y) the magnetic L-shell at 350 km and (x) the local magnetic
meridian at the same altitude, which is similar to a magnetic latitude-longitude grid. The plot shows that,
while the phase spectral index generally peaks near the L-shell through Poker Flat, it does not do so In a
corridor including the magnetic zenith (0,0 at the center of the plot). We believe that the foregoing
behavior results from a combination of (a) the enrichment of large-scale structures by E-layer (and
possibly F-layer) arcs and (b) breakdown of an assumption nearly always made In scintillation analysis

and modeling.

We believe that large-scale structures increase the plasma-density spectral Index In the vicinity of
auroral-zone L-shells. We suspect further, however, that the phase spectral Index responds In a
manner not described by the statistical scattering theory employed, when the line of sight
approaches alignment with the geomagnetic field, Consistent with the latter suspicion is a recent finding
that the phase spectral Index decreases near the magnetic zenith in HiLat data from Churchill, as shown
In Figure 6. To treat this situation properly, the propagation theory needs to be generalized.
Specifically, the theory must not rely, as it currently does, on an assumption that the layer always Is many
irregularities thick along the line of sight. At least a portion of this task has been taken on by Franke
(1987), but the result has not appeared In print.

Related to this point Is the elevation-angle dependence of scintillation. The thick-layer
assumption leads to proportionality between a commonly employed index of phase-scintillation strength
and the secant of the incidence angle between the line of sight and the (horizontal) scattering layer.
Extension of large-scale irregularities vertically through the entire layer would lead to a proportionality with
the square of that secant. This dIfference could amount to almost an order-of-magnitude difference
between the ratio of phase variance near the zenith and that at low elevation angles. It deserves
near-term research attention.

Regarding the shape of irregularities, which dictates the geometrical behavior of scintillation
when the line of sight approaches grazing Incidence with elongation axes of anisotropic irregularities, one
uncertainty remains. All scintillation-producing irregularities are elongated along the geomagnetic field.
In addition, localized but extended and persistent scintillation enhancements reported by Fremouw et a/
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sheetlike elongation along geomagnetic L-shells, To date, no such feature has been detected In
scintillation data from HILat,

The feature's absence from HILat data collected at Sondre Stromfjord is consistent with the
observation by Livingston et al (1982) of decreasing anisotropy (in particular, across the field) poleward of
the (nightside) auroral oval at Poker Flat, The feature also is absent from the HILat data bases collected
at Tromso and Churchill, however, which are at magnetic latitudes similar to that of Poker. Thus, at this
juncture, speclftcatlon of an operationally relevant aspect of the nisotropy of high.latitude
Irregularities Is Incomplete.

Ill. CONCLUSION

By way of conclusion and recommendation, we have highlighted in Section 11 points that we
perceive to be particularly relevant to SBR design and operation and as deserving of research attention
between now and the increased solar activity expected in the early 1990as. In addition, for assessment of
likely worst-case scintillation, we recommend nighttime observations from a mid-Atlantic location such as
Ascension Island.
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